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Abstract 
Salinization was one of the major problems affecting agriculture in the 
world. The over-accumulation of sodium ion (Na+) and hyperosmotic stress, and 
subsequent excess reactive oxygen species accumulation, which cause by the high 
salt content in the soil, will disturb the plant's normal metabolism, development and 
growth, and may eventually lead to death. 
In the search of salt responsive gene candidates, a cDNA clone (GmSALl) 
which encodes a homologue of the Hal2 protein (HAL2p) family was obtained from 
soybean. Hal2p family members were long thought to be an important target of salt 
toxicity, and some of the members are found to be related to salt tolerance through its 
inositol phosphate phosphatase activities. Similar to other Hal2p members, the 
GmSALl gene product contains the conserved amino acid motifs for binding to 
inositol phosphates. In vitro enzymatic assays confirmed that this protein can act on 
both 3‘-phosphoadenosine 5'-phosphate and inositol-1,4,5-triphosphate (IP3), which 
is an important intermediate affect calcium signaling. This high substrate 
specificity toward IP3 distinguished GmSALl from other Hal2p homologues which 
either do not possess inositol phosphate phosphatase activities or act preferentially on 
inositol-1,3,4-triphosphate and inositol-1,4-biphosphate. 
The aim of this research is investigate the role of GmSALl in salt tolerance 
mechanisms. Detailed investigations are performed by using tobacco BY-2 cell as the 
testing platform. GmSALl transgenic lines show better growth performance under 
salt stress. Through detailed microscopic studies, we provided the first evidence to 
show that overexpression of GmSALl alleviates salt stress by enhancing vacuolar 
Na+ compartmentalization and ROS scavenging in a Ca^^ signal dependent manner. 
GmSALl transgenic Arabidopsis was being constructed and shows better growth 
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performance under salt stress compare wild type; indicating GmSALl not only work 
in cell level and also at in planta level. This work has contributed to tighten up 
links among the enzymatic activities of GmSALl proteins, phosphoinositide 
signaling, and Ca signaling. Together, it brings forth a new perspective to explain 
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Chapter 1 General introduction 
1.1 General introduction to salt tolerance in plant 
Salinization of arable lands has become a global problem. About 230 
million ha of irrigated land in the world, 45 million ha are salt-affected (20%) (FAO, 
2005). High concentrations of salt would disrupt ion homeostasis and cause 
hyperosmotic stress in plants (Munns 2002). Quickly after these primary effects, 
secondary stresses such as oxidative damage often occur. Such drastic changes in 
ions, osmotic and redox homeostasis lead to molecular damage, growth arrest and 
even cell death. In order to stay alive, plants have developed several salt tolerance 
mechanisms to adapt high salinity environments. Major salt tolerance strategies 
include restoring ions and osmotic homeostasis and detoxification of toxic reactive 
oxygen species (ROS). 
1.1.1 Adverse effects of high salinity in plant cells 
1.1.1.1 Ion toxicity 
Similarity between the hydrated ionic radii of sodium and potassium 
causes transport proteins unable to discriminate sodium ion from potassium ion 
(Blumwald，Aharon et al. 2000). This inability is the cause of sodium ion stress 
because of its ability to compete potassium ion (K+) for the binding site responsible 
for key biochemical enzymes (Apse and Blumwald 2002). Many enzymes are 
catalyzed by K+ are inhibited under salt stress and affected many metabolic pathways. 
Both glycophytes and halophytes shows sensitivity to salt of cytosolic enzymes, 
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indicating that the maintenance of a high cytosolic K+/Na+ concentration ratio is a 
key requirement for plant growth in high salt (Glenn, Brown et al. 1999). 
High salt concentration can inhibit the activities of most enzymes (Wyn 
Jones and A. 1983). Generally, Na+ starts to inhibit most enzymes at a 
concentration above 100 mM (Munns 2002). One of the important toxic targets of 
salt toxicity being identified in vivo is the yeast Hal2 which encode the 
3'(2'),5'-bisphosphate nucleotidase Hal2 protein (Murguia, Belles et al. 1996), which 
will be discuss in detail in section 1.6. 
1.1.1.2 Disturbed osmotic homeostasis 
High salt concentration in the environment will bring about osmotic stress 
(Verslues, Agarwal et al. 2006). It was found that plant early response to salt 
treatment often resemble responses to low water potential imposed using non-ionic 
solutes (Munns 2002). When a plant cell is subject to hypertonic solution, for 
example 200mM NaCl solution, the water will transfer out of the cell due to the 
difference of water potential between the cell and the solution. The plasmalemma 
is detached from the cell wall and the protoplast volume is significantly reduced, 
while the intracellular architecture experiences intense mechanical perturbations due 
to compaction (Oparka 1994). This process is called plasmolysis, which is 
normally occurred in cells that will directly interact with solutions such as epidermal 
strips, or in root cells. In root cells, plasmolysis would create large gaps between 
the membranes and walls which may fill with solution that will allow an artifactual 
apoplastic pathway for salts to move radically across the root (Munns 2002). The 
degree of damage and the time for recovery depends on the degree of the initial 
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change (Rodriguez, Roberts et al. 1997). 
1.1.1.3 Oxidative stress 
Cellular redox homeostasis is achieved by a delicate balance between 
multiple pathways that reside in different organelles. This coordination may, 
however, be disrupted during salt stress. One of the threats produced in such 
disruption is ROS. ROS was found to be act as signaling molecule during stresses 
(Apel and Hirt 2004), but the over-accumulation of ROS during stress conditions, 
such as salt stress, would disturb many important metabolic processes. In normal 
condition, there are several lines of ROS defense mechanisms help to maintain ROS 
in low level. But during salt stress, the equilibrium between the formation and the 
scavenging of highly reactive oxygen species were being upset, resulting in oxidative 
stress (Hernandez, Corpas et al. 1993; Hernandez, Olmos et al. 1995; Gossett, Banks 
et al. 1996; Gomez, Hernandez et al. 1999; Mittova, Tal et al. 2003). 
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1.1.2 Major salt tolerance strategy in plant 
1.1.2.1 Maintenance of ion homeostasis 
It is very important to prevent sodium accumulation in the cytosol or 
intracellular organelles other than vacuole. Excluding sodium ion out of the cell 
and compartmentalizing sodium ion inside the vacuole are the main strategies 
scientists focus on. Various ion transporter are being studied, for example SOSl 
(plasma membrane Na+/H+ antiporter) and AtNHXl (vacuolar Na+/H+ antiporter), 
when overexpressed, shows great improvement under salt tolerace in Arabidopsis 
(Apse, Aharon et al. 1999; Zhu 2001) 
1.1.2.2 Maintaining osmotic homeostasis 
The regulation of cellular osmotic pressure is important for metabolism, 
development, and growth. During salt stress, osmotic homeostasis must be 
maintained at certain degree to retain normal functions. Osmolytes are produced to 
protect plants from osmotic stress. Also water channel proteins may be involved in 
controlling the speed of water flux across cellular membrane under salt stress 
(Chrispeels, Crawford et al. 1999). Moreover, ion compartmentalization in vacuole 
helps maintaining an osmotic gradient to keep water intake into the cell during salt 
stress (Munns 2002). 
1.1.2.3 Detoxification of Reactive oxygen species 
In plants, reactive oxygen species (ROS) are continuously produced as 
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by-products of various metabolic pathways localized in different cellular 
compartments (Foyer, Lelandais et al. 1994). In normal condition, ROS will maintain 
in low level with different ROS scavenging enzymes, include superoxide dismutase 
(SOD), ascorbate peroxidase (APX), glutathione peroxidase (GPX), and catalase 
(CAT), present in plant. But when the plant is under salt stress, several antioxidant 
activities will be affected and ROS will increase. High level of ROS could cause 
many adverse effects to the plant cell, including inhibition of sensitive enzymes, 
chlorophyll degradation, lipid peroxidation (Yu 1994), indiscriminate attack of 
macromolecules including DNA (Kasai, Grain et al. 1986), and may eventually 
lead to cell death (Path, Bethke et al. 2001). 
As ROS are the main enemy in salt stress, scientists mainly focus on how to 
detoxify this enemy. One of the strategies is to increase the production of ROS 
scavenging enzymes. This is by far the most successful strategy and reduces ROS 
content in different kind of plants; include tobacco, potato, alfafa, popla, and 
arabidopsis (Van Breusegem, Van Montagu et al. 2002). 
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1.2 Cytosolic Calcium signal in plant 
1.2.1 General introduction of calcium in plant 
Calcium is an essential nutrient in plant. It is required for structural roles in 
cell wall and membranes as divalent ion, inorganic and organic cations as counter 
cation, and as an intracellular messenger in the cytosol (Marschner 1995). Calcium 
also plays an important role in regulating many physiological processes that 
influence both growth and responses to environmental stresses. Calcium deficiency is 
rare in nature, but it may occur in soils with low base saturation and/or high levels of 
acidic decomposition. (McLaughlin and Wimmer 1999) 
Calcium is uptake by roots through the soil solutions, transport to shoot via 
’ I 
the xylem. The movement of Ca across the root is depends on both apoplastic and 
symplastic pathway. Apoplastic pathway allows Ca^^ deliver to xylem without the 
disturbance of [Ca^ J^cyt signaling, but it ‘s activity depends on transpiration rate and 
non-selective transport between divalent ions would lead to the accumulation of toxic 
ions. Symplastic pathway allows the plant to control the rate and selectivity of Ca^^ 
transport to the shoot (White 2001; White, Whiting et al. 2002), but insufficient ATP 
2+ 
to power and insufficient protein to catalyze the intake of Ca solely through the 
symplast (White 1998; White 2001). 
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1.2.2 Calcium transport in plant cell 
Calcium enters plant cells through Ca -permeable ion channels in their 
plasma membrane (White 2000). As high concentration of [Ca^ ]^cyt is lethal, 
excessive Ca^^ will either being pump out to the apoplast or compartmentalize into 
different intracellular organelles, such as vacuole or endoplasmic recticulum (ER). 
The removal of [Ca^ ]^cyt from the cytosol are catalysed by Ca^^ ATPase and 
H+/Ca2+-antiporter. Their main functions are (1) to maintain a low [Ca^ ]^cyt in 
unstimulated cell; (2) to restore [Ca^ '^ ]cyt to resting level following a [Ca^^yt 
perturbation, result in influencing the magnitude, kinetics and subcellular location of 
[Ca2+]cyt; (3) to restore intracellular and extracellular Ca^^ stores for subsequent 
[Ca2+]cyt signals and permit the generation of local [Ca^ ]^cyt oscillation through their 
interplay with Ca^^ channel (Klusener, Boheim et al. 1995; Harper 2001). 
Calcium-permeable channels are found in all plant plasma membranes 
(figure 1.), and is responsible for the Ca^^ influx to the cytosol. They are classified 
into depolarization-activated (DACC), hyperpolarization-activated (HACC) and 
voltage independent (VICC) calcium channels (White 2000; Miedema, Bothwell et al. 
2001; Sanders, Pelloux et al. 2002). The major role of these Ca^^ channels is their 
involvement in cell signaling, but they may also contribute to nutritional Ca^^ fluxes 
in particular cell type (White 1998; White 2000; Miedema, Bothwell et al. 2001). 
7 
KORC DACC HACC VICC 
(SKOR. GORK) (TPC1) (Annexm)(GLR. CNGC) Ca2+ 
f^  A A A Art A A A 
, , V V V O ACAS 
/ Ca2+ Ca2+ Ca2+ Ca2+ \ 
Cytosol 
sv 
j n U r ~ Ca2+ Ca2+ ^ \ ——4~ACA4 
HACC<c=bz:> 
4 二 I : ~ Ca2+ Ca t^, 
^ I —~~ Ca2+ Vacuole ^ • 
IP3 
IPe H+ ^ r ) 




IP3 cADPR • T ) 
V ^ , J 
Endoplasmic reticulum 7 
Figure 1. Cartoon illustrating the subcellular location of Ca transporter in 
Arabidopsis thaliana. (Modified from (White and Broadley 2003)) Different calcium 
channels, transporters and antiporters are present on the plasma membrane and the 
membrane of intracellular organelles, for example vacuole and endoplasmic 
reticulum. 
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1.2.3 Cytosolic calcium signals in plant under abiotic stress 
In plant, calcium serves as a secondary messenger during abiotic signaling. 
[Ca2+]cyt increases in response to many developmental and environmental changes, 
and this increase is important for subsequent induction of physiological responses 
(White, 2003). In order to trigger a specific response to a particular change, the 
1 I 
perturbation of [Ca ]cyt (termed as [Ca ]cyt signature) of each change is unique. This 
uniqueness refers to different subcellular localization and/or the kinetics or 
magnitude of the [Ca^ ]^cyt signature (Sanders, Brownlee et al. 1999). 
To coordinate cellular responses, [Ca^ ]^cyt 'waves' are produced within the 
cytoplasm by the successive recruitment Ca^^ channels. For examples, the increases 
of [Ca2+]cyt by co-operation of IP3 with Ca^^ to activate the IP3-mediated calcium 
channels (Trewavas 1999). In addition to these subcellular waves, cellular waves 
with high [Ca^ ]^cyt may also propagate through plant tissue. 
Although an increase in [Ca^ '*"]cyt is necessary for signal transduction, a 
prolonged induction of [Ca^ ]^cyt is lethal. Previous study has found that sustained 
high level of [Ca^ ]^cyt is implicated in apoptosis, both during normal development 
and in hypersensitive responses to pathogen (Levine, Pennell et al. 1996). A 
submicrmolar level of [Ca^ j^cyt is maintained (10'^ M) by Ca^^-ATPases and H+/Ca2+ 
antiporters (White and Broadley 2003) (figure 1.). Also the influx of calcium from 
-v , 
cytosol back to the vacuole is also important in [Ca ]cyt signaling. The arabidopsis 
mutant det3, which is defect in the V-type ATPase (responsible for the influx of 
calcium from cytosol to vacuole, figure 1.), losses the ability to close the stomata 
under ABA treatment (Allen, Chu et al. 2000). In order to effect other responses, 
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.Ca2+]cyt signature must be low amplitude or transient. Transient increases in [Ca^ J^cyt 
can be single (spike), double (biphasic) or multiple (oscillation). 
Several abiotic challenges result in different pattern of oscillations in 
:Ca2+]cyt. The duration, periodicity and amplitude of [Ca^ "^ ]cyt oscillations vary 
considerably, and their form dependent in the strength and combination of specific 
stimuli (Evans, McAinsh et al. 2001). Different stimuli generate contrasting spatial 
21 2+ [Ca ]cyt perturbation by mobilizing Ca from different cellular stores and/or 
activating Ca channels in a restricted location (Table 1.). 
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Table 1. Different stresses induce different kind of cytosolic calcium perturbation in 
plant. 
Abiotic Characteristic [Ca^ '"]cyt pertubation Stores releasing Ca^^ to 
Challenger cytosol 
Heat shock Elevated [Ca^ ]^cyt sustained for Apoplast and internal 
15-30 min (IPs-dependent) 
Cold shock 1. Single brief [Ca2+]cyt Apoplast 
spike (seconds) 
2. Oscillations in [Ca^ ]^cyt 
Osmotic 1. Brief [Ca2+]cyt spike 1. Apoplast 
stress 2. Sustained [Ca^ ]^cyt 2. Apoplast and internal 
elevation (IP3-dependent) 
I 
3. Oscillations in [Ca ]cyt 
Salinity Biphasic Apoplast and internal 
Tissue [Ca2+]cyt wave (IP3-dependent) 
1. Slow spike (duration of 
minutes) 
2. Sustained [Ca^ '^ Jcyt 
elevation (hours) 
3. Reduced [Ca^ '^ ]cyt (days) 
Drought Biphasic Apoplast and vacuole 
1. Slow spike (duration of 
minutes) 
2. Sustained [Ca ]cyt 
elevation (hours) 
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1.2.4 Responding to cytosolic calcium signals 
In order to respond to different [Ca^ ]^cyt perturbation, plant cells must 
activate different combinations of calcium-binding protein. These [Ca^ ]^cyt sensors 
includes Calmodulin(CaM), Calmodulin(CaM)-like protein, calcineurin B-like (CBL) 
proteins and Ca^^-dependent protein kinases (CDPKs). The binding of Ca^ "^  and these 
proteins consist of a helix-hoop-helix structure, called ‘EF hand,, with high affinity 
(Strynadka and James 1989). These bindings would cause the changes of structural 
and/or enzymatic properties changes, and these interactions would alter solute 
transport and enzymatic activity, cytoskeletal orientation, protein phosphorylation 
cascade and gene regulation. These alternation is not only regulated by [Ca^ "^ ]cyt 
perturbation itself and also the expression of the [Ca ]cyt sensors, the affinities for 
both [Ca ]cyt and sensor proteins, and the abundance and activity of the sensor 
proteins (White and Broadley 2003). 
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1.3 Calcium mediated ion homeostasis in plant under salt stress 
1.3.1 General introduction on Calcium dependent ion channels in plant 
Recent works from different scientists suggest that Ca^ "^  interacts with 
different intracellular targets and extracellular targets to decrease Na+ toxicity. The 
SOS stress signaling was identified to be pivotal regulator of plant ion homeostasis 
under saline conditions. Vacuolar sodium ion compartmentalization are also 
2+ 
controlled by [Ca ]cyt. Arabidopsis thaliana calmodulin-like protein 15 interacts 
with the AtNHXl C terminus, a vacuolar Na+/H+ antiporter, decreasing its Na+/H+ 
exchange activity (Yamaguchi, Aharon et al. 2005). 
1.3.2 SOS family cascade in Arabidopsis 
This cascade is mainly involved three family members, SOS J, S0S2 and 
S0S3. S0S3 encodes a novel EF-hand Ca^^ sensor (Liu and Zhu 1998), and Ca^^ 
binding and myristoylation are required for S0S3 function in salt stress (Ishitani, Liu 
et al. 2000). S0S2 gene encodes a novel Ser/Thr protein kinase that also functions in 
salt tolerance in arabidopsis. S0S3 activate S0S2 in a Ca^^-dependent manner 
(Halfter, Ishitani et al. 2000), and the first target of the SOS3-SOS2 regulatory 
pathway is the plasma membrane Na+/H+ antiporter encoded by SOSl gene. SOSl 
gene expression during salt stress is partially controlled by SOS3 and S0S2 (Shi, 
Ishitani et al. 2000), and the activation of SOSl Na+/H+ antiport activity requires 
S0S3 and S0S2 (Qiu, Guo et al. 2002). 
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1.4 The interaction between cytosolic calcium and reactive oxygen species in 
plants 
The relationship of [Ca ]cyt and reactive oxygen species (ROS) have been 
seriously studied in recent years. Both ROS and [Ca ]cyt play key roles in signaling 
pathways at both cellular and tissue levels. Scientists have been debating on ROS or 
I 
[Ca ]cyt was the main character that play the regulatory role on each other. Coelho 
2+ 
debate that the generation of ROS is tightly linked to the generation of [Ca ]cyt 
I 
fluxes, and this ROS-induced [Ca ]cyt waves can affect downstream effector's gene 
expression. It was shown that in Fucus rhizoid cells, upon hyperosmotic treatment, 
initial burst of ROS is essential for activation of influx of Ca^^ and elevations in 
[Ca2+]cyt which brought about resistance to hyperosmotic shock (Coelho, Taylor et al. 
2002). Another group of scientists reports that elicitor-stimulated oxidative burst in 
cultured parsley cells depends on Ca^^ fluxes and is necessary for triggering 
phytoalexin accumulation and disease defense responses (Jabs, Tschope et al. 1997). 
Several ROS scavenging enzyme are controlled by [Ca^ '^ ]cyt signaling. The 
Ca2+ stimulates the production of ROS by plasma membrane bond NADPH oxidase, 
and triggers the induction production of antioxidant enzyme activity (Jiang and 
Zhang 2003). 
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1.5 Calcium signaling mediated by Inositol 1,4,5 triphosphate in plant 
Inositol signaling is known to involve in responses to gravity and abiotic 
stresses, such as drought and salt stress. Inositol 1,4,5—triphosphate (IP3) acts as the 
key component in regulating calcium signaling. When under stress, the rate of 
phosphoinositide-specific phospholipase C (PLC) hydrolyses phosphatidyl-inositol 
4,5 bisphosphate (PIP2), becoming IP3 and diglyceride (Figure 2.) increase. This 
sustained evaluation of IP3 level occurs in a dose-dependent manner (Drobak 1992). 
The increase of IP3 will lead to the increase of cytosolic calcium ([Ca ]cyt) by 
activating IP3 mediated calcium channels (Allen, Muir et al. 1995). These ion 
channels are localized in the membrane of vacuole and endoplasmic recticulum (ER) 
(Figure 3.). When IP3 binds to the channel, a calcium-binding site is briefly exposed. 
If the level of [Ca^^]cytis low, no Ca^^ will bind to the channel and the chanel is not 
activated; if the level of [Ca^ "^ ]cyt is high, the calium binding site is occupied and the 
channel is activated and opened (Figure 3.) (Marchant and Taylor, 1997; Dennison 
and Spalding, 2000) 
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Figure 2. Simplified flow graph of inositol signaling in plant (adapted from Majems 
1992) 
Ptdlns: Phophoinositide; PtdIns(4)P: Phophoinositol 4 monophophate; PtdIns(4，5)P2: 
Phophoinositol 4,5 bisphosphate; Ins(l,4,5)P3: Inositol 1,4,5 triphosphate; 
Ins(l,3,4,5)P4: Inositol 1,3,4,5 tetraphosphate; Ins(l,4)P2： Inositol 1,4 bisphosphate; 
Ins(l,3,4)P3: Inositol 1,3,4 triphophate; Ins(4) P: Inositol 4 monophophate; Ins(3,4)P2： 
Inositol 3,4 bisphophate. PLC: Phopholipase C; IPP-l-Pase: Inositol polyphosphate 1 
phophatase. 
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Figure 3. Cartoon illustrating IP3 mediated calcium channel (adapted from Trewavas 
1999). The IP3 mediated calcium channels are situated on ER and vacuole, which 
will pump calcium out to cytosol once the channel is activated by IP3. These channels 
are also depending on Ca^^, which its presence is needed in the cytosol to activate the 
channels. 
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1.6 Study on HAL2 and its homolog in plant 
HAL2 was first discovered in yeast which encodes an enzyme with 
3，(2,),5, bisphosphate nucleotidase activity (Murguia, Belles et al. 1995). This 
enzyme participates in the sulphur assimilation pathway and has an important role in 
which it hydrolyzes 3' (2' )-phosphoadenosine 5,-phophate (PAP), a toxic 
intermediate in the pathway, to cyclic AMP. It was proved that overexpression of 
HAL2 in yeast could enhance its growth performance under salt stress. 
Several HAL2 homologues had been found in higher plants including rice 
{RHL\ and Arabidopsis thaliana {SALl/FIERYl, SAL2 and AHL) (Table 2.). 
SALl/FIERYl from Arabidopsis was found to encode an enzyme that not only have 
3,(2’）5, bisphosphate nucleotidase activity, but also with inositol polyphosphate 
1-phophatase activity. In addition, yeast expressing the A. thaliana SALl/FIERYl 
protein exhibited increased tolerance to intracellular Li+, and modified effluxes of 
Na+ and Li+. In Arabidopsis, the SALl/FIERYl mutants are more sensitive to salt 
stress by comparing to wild type (Xiong, Lee et al. 2001). 
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Table 2. HAL2 and its homologues in higher plants 
Gene Plant Functions Reference 
Yeast Encode 3,(2’），5，-biphosphate (Murguia, Belles et al. 
nucleotidase 1995) 
RHL Rice Encode 3,(2，)，5'-biphosphate (Peng and Verma 1995) 
(Oryza sativa nucleotidase 
L.,cv. 
Tallahamsa) 
SALl Arabidopsis Encodes a bifunctional enzyme (Quintero, Garciadeblas 
thaliana with 3,(2,), 5'-biphosphate et al. 1996; Xiong, Lee et 
nucleotidase and inositol al. 2001) 
polyphosphate 1 -phosphatase 
SAL2 Arabidopsis Encode 3,(2,), 5'-biphosphate (Gil-Mascarell, 
thaliana nucleotidase Lopez-Coronado et al. 
1999) 
AHL Arabidopsis Encode 3,(2,), 5,-biphosphate (Gil-Mascarell, 
thaliana nucleotidase Lopez-Coronado et al. 
1999) 
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1.7 Previous studies on GmSALl in Prof. Lam's lab 
GmSALl was cloned from soybean by using degenerate primers. The full 
length coding region was obtained by 5' and 3’ race. The whole sequence is 1050 bp 
long. The GmSALl was then transformed into Arabidopsis with 35S Cauliflower 
Mosac virus promoter. Homozygous line was obtained by screening with kanamycin. 
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1.8 Hypothesis and significant of this project 
As discussed in the previous sections, salt stress would alter ion 
homeostasis and lead to over-accumulation of ROS in plant. These would result in 
decreased plant growth or eventually cell death. Detoxification and homeostasis are 
the two important features which plant uses to adapt salt stress. Different reports 
showed that overexpressing the genes that regulate one of those features increase salt 
tolerance in plants. 
2+ 
Ca ]cyt signaling seems to be the central switch in controlling both ROS 
scavenging and ion channels activity in plant, and IP3 plays a crucial role in 
mediating [Ca^ ]^cyt signaling by activating the IP3 mediated calcium channel. Yet the 
importance of IP3 in salt tolerance mechanism is only implicated, and there are no 
reports studying the effects of altering of IP3 metabolisms on ROS scavenging and 
ion homeostasis in plant under salt stress. 
We have identified GmSALl from soybean as a salt responsive gene and it 
is being transformed into Arabidopsis. According to phylogenetic tree analysis, 
GmSALl fell closest to SALl, which encode for a bifunctional enzyme with 
3'(2')-phosphoadenosine 5,-phophate and inositol polyphosphate 1 phosphatase 
activity. Under salt stress, the expression of GmSALl was induced. Therefore, we 
hypothesis that GmSALl may play a key role in salt tolerance mechanisms by 
affecting the IP3 degradation pathway. 
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The objectives of this research are: 
1. To investigate the physiological role of GmSALl in plant cell under salt stress 
2. To elucidate the function of GmSALl with related to IP3 degradation pathway and 
calcium signaling under salt stress 
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Chapter 2 Materials and Methods 
2.1 Materials 
2.1.1 Plants, bacterial strains and vectors 
The Escherichia coli strains DH5a and the plasmid pBluescript KSII(+) 
were used as the host and vector, respectively, for gene cloning unless stated 
otherwise. For co-cultivation transformation of Nicotiana tabacum Bright-yellow 2 
(tobacco BY-2) cell lines, the Agrobacterium tumefaciens strain LBA 4404 
containing Ti-plasmid (pAL4404) was employed as the bacterial host for the target 
gene. GmSALl were cloned into the plant expression vector V7. A list of plant 
hosts, bacterial strains, plasmid vectors used in the research was shown in Table 3. 
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Table 3. Plants, bacterial strains and vectors used. 
Bacteria/ Plasmid Description References 
Agrobacterium tumefaciens For A. thaliana (Koncz and Schell 1986) 
GV3101/pMP90 transformation 
Agrobacterium tumefaciens. For tobacco BY-2 cells (Hoekema, Roelvink et 
LBA4404/ pAL4404 transformation al. 1984) 
Escherichia coli DH5a For regular gene cloning Lab stock 
Plant Description References 
Columbia-0 A. thaliana ecotype for Lab stock 
transformation 
Tobacco BY-2 cell lines Tobacco wild type cells A generous gift from 
lines for transformation Prof. Liwen Jiang 
GmSALl transgenic A. A. thaliana transformed Lab stock 
thaliana with the soybean 
GmSALl constructed by 
Miss Helen Tsai 
previously. 
Plasmid vectors Description References 
pBluescript II KS (+) Plasmid for subcloning Strategene, La Jolla, CA, 
of target gene U.S.A. 
V7 plant expression vector Plasmid for plant (Brears, Liu et al. 1993) 
transformation of target 
genes 
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2.1.2 Chemicals and Regents 
Regular chemicals were purchased from Sigma-Aldrich Co. (Saint Louis, 
MO, U.S.A.). Organic solvents were from Merck & Co., Inc. (New Jersey, U.S.A.). 
Bacterial growth media were from Difco (Sparks, MD, U.S.A.) and Murashige & 
Shoog (MS) salt mixture was from Sigma-Aldrich (Saint Louis, MO, U.S.A). 
Phenolic compound, phytohormones and antibiotics used in bacteria and plant 
cultures were purchased from Sigma-Aldrich Co. (Saint Louis, MO, U.S.A.). 
Silwet-77 for plant transformation experiment was from Lehle seeds (Round Rock, 
TX, U.S.A.). Metro-mix-200 soil for plant growth was from Hummert International 
Horticultural Supplier (Earth City, MO, U.S.A.). Chemicals for gel electrophoresis 
were from Bio-Rad Laboratories (Hercules, CA, U.S.A.). Restriction enzymes 
were from New England Biolabs. Inc. (Beverly, MA, U.S.A.) and Promega 
Biosciences (San Luis Obispo, CA, U.S.A.). Other enzymes for molecular biology 
experiments and reagents for DNA and RNA manipulation and detection were from 
Roche Diagnostic limited (Basel, Switzerland) (Appendix I), Clontech (San Jose, CA, 
USA) and Promega (San Luis Obispo, CA, U.S.A.). Positively charged nylon 
membrane for Northern blot were from Roche Diagnostic limited (Basel, 
Switzerland). Bio-MAX X-ray film was from Eastman Kodak (Rochester, NY, 
U.S.A.). Sodium Green'^^ indicator were from Molecular probes (Eugene, OR, 
USA). Trypan blue for viability assay were from Sigma-Aldrich (Saint Louis, MO, 
U.S.A). Detailed information on chemical used was listed in Appendix III. 
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2.1.3 Commercial kits 
The following reagent kits were used in this research (Table 4) (For details, 
please see Appendix VI. 
Table 4. Commercial kits used 
Kits Experiments Company 
ABI prism dRhodamine DNA sequencing Applied Biosystems 
terminator cycle sequencing (Foster City, CA, 
ready reaction kit U.S.A.) 
DIG detection system (CSPD, Northern blot analyses Roche Diagnostic limited 
ready-to-use and Anti (Basel, Switzerland) 
digoxigenin-AP, Fab fragments) 
DIG DNA labeling kit Generation of Roche Diagnostic limited 
DIG-labelled DNA (Basel, Switzerland) 
probes 
High pure PGR product Target genes subcloning Roche Diagnostic limited 
purification kit (Basel, Switzerland) 
Wizard plus minipreps DNA Target genes subcloning Promega Biosciences 
purification kit (San Luis Obispo, CA, 
U.S.A.) 
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2.1.4 Primers and Adaptors 
All primers were bought from Integrated DNA Technologies, Inc 
(Coralville lA，U.S.A.), Invitrogen (Carlsbad CA, U.S.A.). A full list of their 
sequences was shown Table 5. 
Table 5 Primers and adaptors used 
Primer name Sequence (5' to 3，） Use for 
35S promoter TCCAACCACGTCTTCAAAGC Sequencing 
sequencing primer 
HMOL1162 CGCCGCTGACACTAATCGTTT Screening for 
GMSALl 
HMOL 1163 CGAGCCGACAACAAAGTTAGC Screening for 
GMSALl 
T3 primer AATTAACCCTCACTAAAGGG Sequencing 
T7 primer GTAATACGACTCACTATAGGGC Sequencing 
2.1.5 Equipments and facilities used 
All equipments and facilities were provided by Department of Biology, 
CUHK. An inventory is shown Appendix V. 
2.1.6 Buffer, solution, gel and medium 
Unless otherwise stated, buffer, solution and medium were prepared 
according to the formulation listed in Appendix VI. 
2 7 
2.1.7 Software 
Sequence analysis was done by BlastN, BlastX and PSI-Blast programs 
provided in the website of National Center for Biotechnology information. 
(http://www.ncbi.nlm.nih.gov). Conserved domain search (CDS) was used to 
identify conserved domains (CDs) that are present in the GmSALl. To study the 
phylogenetic relationship of GmSALl and SALl homologues, multiple sequence 
alignment was performed using the ClustalW program built-in in the BioEdit 
package (ver. 7.0.5.3) (Thompson, Higgins et al. 1994), and the phylogenetic trees 
were constructed with the MEGA2 program (version 2.1) (Kumar, Tamura et al. 
2001). Tree topology was calculated by neighbor-joining method (Saitou and Nei 
1987) and 1000 replicates were used for bootstrap test. 
The images collected in confocal microscopy studies were processed with 
Adobe Photoshop CS and analyzed with ImageJ 1.37v (program developed at the 
National Institutes of Health and available at http://rsb.nih.gov/nih-image/). 
Statistical analysis was performed using the SPSS package (ver. 12). 
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2.2 Methods 
2.2.1 Molecular Techniques 
2.2.1.1 Bacterial cultures for recombinant DNA and plant transformation 
Bacterial strains {E. coli and A. tumefaciens) were inoculated from glycerol 
stocks (stored at -70°C) into LB broth {E. coli) or YEP broth {A. tumefaciens) and 
shake at 200 rpm (Orbital shaker, Lab. line 4628-1), 37°C, for overnight {E. coli) or 
at 250 rpm, 28°C, for two days {A. tumefaciens). 
Antibiotics were added when appropriate to the growth media in final 
concentrations of lOOmg/ L, 50mg/ L, 50mg/ L, 25mg/ L, lOOmg/ L for ampicillin, 
kanamycin, rifampcin, gentamycin and streptomycin, respectively. 
2.2.1.2 Recombinant DNA techniques 
Restriction of DNA was normally done with 2 units of restriction enzyme 
per microgram of DNA in the presence of Ig/L Bovine serum albumin (BSA) in IX 
restriction buffer (as recommended in the company product notes) and incubated at 
37�C for 3 hours to 16 hours. Ligation of DNA fragments and vectors with 
compatible ends were performed with ImM dATP and 3 units T4 DNA ligase 
(Promega) in IX T4 DNA ligase buffer (as recommended in the company product 
notes) and the reaction mixes were incubated at 16°C overnight. 
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2.2.1.3 Preparation and transformation of Agrobacterium competent cells 
(i) Preparation of Electro-competent Agrobacterium tumefaciens cells 
LBA4404/ pAL4404 was inoculated into 10ml YEP broth supplemented 
with antibiotics when appropriate and shook at 250 rpm (Orbital shaker, Lab. line 
4628-1), 28°C, overnight to prepare a starter culture. Eight millilitres of dense 
culture was then inoculated into 400ml YEP medium which supplemented with 
appropriate antibiotics, and was allowed to grow until O.D.600 was around 0.5 to 
1.0. The culture was harvested by chilling on ice for 15 minutes and centrifuged at 
4000g for 15 minutes at 4°C. After discarding the supernatant, the cell pellet was 
resuspended with 400ml ice cold sterile deionized water. The suspension was 
centrifuged at 4000g for 15 minutes at 4°C again. The pellet was then resuspended 
with 200ml ice cold sterile deionized water after the removal of supernatant. The 
concentrated suspension was spun at 4000g for 15 minutes at 4°C. After discarding 
the supernatant, the cell pellet was resuspended with 4ml 10% glycerol (filter sterile 
with 0.2|im filter). The 4ml glycerol suspension was again centrifuged at 4000g for 
15 minutes at 4°C. Finally, the cell pellet was resuspended in 0.4ml ice cold 10% 
sterile glycerol after the removal of the supernatant. Forty microliters aliquots were 
aspirated into prechilled, sterile 1.5ml microcentrifugation tubes and stored at -70°C 
until ready to use (Dower, Chassy et al. 1992). 
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(li) Transformation of electro-competent Agrobacterium cell 
An aliquot of 40|LI1 of electro-competent LBA4404/ pAL4404, was thawed 
on ice and mixed with lOng of recombinant plasmid in a pre-chilled electroporation 
cuvette (Bio-Rad, Cat no. 165-2086). The mixture was further incubated on ice for 
30 minutes. After drying the cuvette with tissue paper to remove moisture on the 
surface, the cuvette containing sample mixture was inserted into the gene pulser 
apparatus (BioRad GenePulser, Model No. 165-2076). Electroporation was 
performed at: 25 |LIF, 2.5 kV and 600 ohms. After discharge, 1ml SOC medium was 
immediately added to rescue the cells. The culture was then transferred to 1.5 ml 
microcentrifugation tubes and incubated at 28�C for 2 hours with shaking at 200 rpm 
(Orbital shaker, Lab. line 4628-1). The recovered culture was then spread on YEP 
agar plate supplemented with appropriate antibiotics (LBA4404/ pAL4404: 50 mg/ L 
rifampicin ,100mg/ L streptomycin; Agrobacterium containing V7 vector: 50 mg/ L 
kanamycin) and allowed to grow at 28°C for 2-3 days. 
2.2.1.4 Gel electrophoresis 
(i) DNA gel electrophoresis 
Agarose gel was prepared by heat-dissolving lOmg/ ml agarose powder in 
IX TAE using a microwave. After cooling down to below 70°C, Ijul Img/ ml 
ethidium bromide was added before pouring onto a gel caster. DNA samples in IX 
bromophenol blue loading dye were normally loaded onto 1% agarose gels. The 
gel electrophoresis was run in IX TAE buffer at 80 V for 30 minutes to 3 hours. 
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(ii) RNA denaturing gel electrophoresis 
One percent denaturing gel was prepared by heat-dissolving Ig agarose gel 
powder in 87 ml DEPC-treated deionized water using a microwave. Ten milliliters 
lOX MOPS buffer and 3 ml formaldehyde (37%, pH>4.0) were added after the 
temperature was cooled to below 70°C. The denaturing gel solution was then 
mixed and poured in a clean gel tray. 10 microgram aliquots of RNA sample was 
added in a final volume of 35[i\ solution containing 3.5 |LI1 lOX MOPS, 17.5 j^ l 37% 
formamide, 6.13 J^ l formaldehyde, Ijil Img/ ml ethidium bromide and 1 |LI1 6X 
bromophenol blue loading dye. The sample mixture was denatured at 55°C for 20 
minutes and then put immediately onto ice. The denatured RNA samples were 
loaded onto the denaturing agarose gel and gel electrophoresis was run in IX MOPS 
buffer at 80 V for 2 hours. 
2.2.1.5 DNA and RNA extractions 
(i) DNA extraction from plant tissue 
The classical CTAB extraction method modified from Doyle and Doyle 
(1987) was used for extraction of genomic DNA. Approximately Ig plant tissue 
was first frozen and ground in liquid nitrogen before homogenized with 5ml 2X 
CTAB extraction buffer. The extract was then incubated at 60°C for 30 minutes 
before centrifiiged at 3000g at room temperature for 10 minutes. Aqueous layer 
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was transferred to a new tube and extracted with phenol: chloroform: isoamylalcohol 
(PCI) (25:24:1) once and chloroform: isoamylalcohol (CI) (24:1) for twice. Ethanol 
precipitation of nucleic acid was done by adding 2V of Isopropanol and kept at -20° 
C overnight. After centrifugation at 10 OOOg for 15 minutes and discarding the 
supernatant, the pellet was washed with CTAB washing buffer and air-dried. 
Finally, the pellet was resuspended in sterilized deionized water supplemented with 
l[ig/ ml RNaseA and incubated at 37�C for 1 hour to remove RNA (Doyle and Doyle 
1987). 
(ii) Plasmid DNA extraction from bacterial cells 
Plasmid DNA was isolated using the Wizard plus minipreps DNA 
purification kit (Promega). The procedures were according to the commercial 
manuals except the volume of cell culture used. For high copy number plasmids, 
such as pBluescript, 5ml cell culture was used as starting material per reaction. 
However, for low copy number plasmids, such as W104, 20ml cell culture was used 
instead. 
(iii)RNA extraction from plant tissues 
Plant RNA extraction protocol was modified from a standard protocol 
(Ausubel, et al., 1995). Approximately 5g plant tissue for RNA extraction was 
harvested and immediately frozen and ground in liquid nitrogen before homogenized 
in 25ml extraction buffer. The aqueous portion of the sample was then extracted 
twice with PCI followed by two rounds of CI extraction. One-tenth volume of 3M 
sodium acetate (pH 5.2) and 2 volumes of absolute ethanol were added to the 
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resulting aqueous layer and the sample was stored at -20�C overnight to precipitate 
the nucleic acids. After centrifugation at SOOOrpm for 20 minutes (Roter F34-6-38: 
Centrifuge 581 OR, Eppendorf), supernatant was discarded and the nucleic acid pellet 
was resuspended with 1 ml 3M sodium acetate, pH 5.6 and the suspension was 
transferred to a 1.5ml microcentrifuge tube. After centrifugation at 13000 rpm for 
30 minutes, mRNA and rRNA were precipitated and tRNA and DNA remained in the 
supernatant. After repeating the 3M sodium acetate pH5.6 extraction one more 
time (using 0.5ml this time), the pellet was then resuspended in 0.4ml 0.3M sodium 
acetate pH5.6 and the RNA was precipitated by adding 1ml 100% ethanol and kept at 
-20°C overnight. After centrifugation at 13, 000 rpm (Refrigerated centrifuge 581 OR, 
Eppendorf 03463) for 30 minutes and removal of supernatant, the RNA pellet was 
air-dried before resuspended in DEPC-treated deionized water. 
2.2.1.6 Generation of single-stranded DIG-labeled PGR probes 
As GmSALl was cloned in pBluescript II KS (+) vector, T7 promoter and 
T3 promoter primers were used for synthesizing the PGR probes. Round one PGR 
was performed by mixing 1 pg of recombinant plasmid with 5)al of lOX reaction 
buffer (with Mg2+, Roche), 1|LI1 of 25mM MgCli, l|il of 2mM dNTPs mix, 2.55|al of 
1|LIM T7 primer and 2.55jLil of 1|LIM T3 primer and lU of Taq DNA polymerase 
(Roche). The final volume was made up to 50^1 by milli-Q H2O. The reaction 
was subjected to the following PGR profile (Table 6). The concentration of PGR 
product was determined by running 5)il of the product in 1% agarose gel. 
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Table 6. PCR profile for DIG-labeled DNA probe synthesis 
Number of cycles Length of time Temperature 
1 cycle 2 minutes 94°C 
55 cycle 20 seconds 94°C 
30 seconds 53°C 
1 minutes 72°C 
1 cycle 10 minutes 72°C 
Round 2 PCR is a biased PCR. That is using one primer, to synthesis an anti-sensed, 
single-stranded PCR probes with the incorporation of DIG-labeled conjugates. 
About lOOng of Round 1 PCR product was mixed with lOjal of lOX reaction buffer 
(with Mg2+, Roche), 2|il of25mM MgCb, 2|al of DIG-labeled dNTPs (Roche), 2|il of 
5|aM T7 primer and 2U of Taq DNA polymerase (Roche). The final volume was 
made up to 100|LI1 by Milli-Q H2O. The reaction was subjected to PCR profile listed 
in Table 6 again. Ijal PCR product was used to test the concentration of 
DIG-labeled probes. 
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2.2.1.7 Testing the concentration of DIG-labeled probes 
l|Lil of probe and DNA/RNA DIG-labeled control (Roche) were diluted 
serially for 5, 50 and 500 folds. 1|LI1 of each dilution was doted on a positive 
charged nylon membrane (Roche) followed by UV crosslinking. The membrane 
was rinsed in IX maleic acid buffer, pH7.5 (O.IM maleic acid, 0.15M NaCl) for 2 
minutes, soaked in 1% blocking solution (1% w/v blocking reagent in IX maleic 
acid) for 5 minutes twice and washed with IX detection buffer, pH9.5 (IM Tris-HCl, 
0.1MNaCl)forl minute. 
The membrane was transferred to a clean plastic wrap and CSPD (Roche) 
was added to the membrane. The membrane was placed in a film cassette and was 
exposed to a sheet of X-ray film (Biomax, Kodak) for 30 minutes at 37°C. The film 
was developed and the spot intensities of the control and samples were compared in 
order to estimate the concentration of DIG-labeled probes. 
2.2.1.8 Northern blot analysis 
Ten micrograms of each total RNA sample was run on a denaturing gel. 
After recording the ethidium bromide stained image of the RNA samples, the RNA 
was transferred onto a positively charged nylon membrane by capillary action 
running in the lOX SSC for 16 hours. 
After UV-crosslinking (total 250J), the membrane was first rinsed in 
DEPC-treated deionized water and then prehybridized in prehybridization solution at 
42°C for 2-4 hours and hybridized with 25ng/ml DNA probes in hybridization 
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solution at 42°C for 16 hours. After washing with cold wash solution for 15 
minutes twice at room temperature and hot wash solution for 15 minutes twice at 6 8 � 
C, the membrane was blocked with 1% blocking solution at room temperature for 
2-4 hours and incubated with 1: 10,000 anti-DIG antibody at room temperature for 
30 minutes. After washing with IX maleic acid buffer for 15 minutes twice and 
equilibrating with IX detection buffer at room temperature, CSPD substrate was 
added onto the membrane and X-ray film was allowed to expose for 14 hours. 
2.2.1.9 PGR techniques 
For PCR-aided sequencing, 250ng DNA sample was used as the template. 
In a 10|il reaction mixture, O.Spmole primer and 4|LI1 terminator ready reaction mix 
were included. The PGR cycle profile was as follows: 94°C for 5 minutes before 25 
cycles of 96°C for 10 seconds, 50°C for 5 seconds, 60�C for 4 minutes. For PGR 
screening, a PGR reaction mixture contained the following was set: 0.5 |LIM of each 
primer, IX PGR buffer with 1.5mM MgCh, 0.2mM dNTPs and 0.5 Unit Taq DNA 
polymerase in a final volume of 25|LI1. The PGR cycle profile was as follows: 94°C 
for 5 minutes before 25 cycles of 94°C for 30 seconds, appropriate annealing 
temperature for 30 seconds, 72�C for 1 minutes and the reaction was terminated after 
an addition 10-minute extension step after all cycles were completed (the annealing 
temperature for each primer was listed in Table ). 
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Table 7. Annealing temperatures of primers used in PGR reactions. 
Primer name Purposes Annealing 
temperature 
35S promoter Sequencing 50.0°C 
sequencing primer 
HML1162 Screening for GMSALl 56.0°C 
HML1163 Screening for GMSALl 56.0°C 
T3 primer Sequencing 50.0°C 
T7 primer Sequencing 50.0°C 
2.2.1.10 Sequencing 
PCR-aided DNA sequencing was performed by using the ABI prism 
dRhodamine terminator cycle sequencing ready reaction kit (Applied Biosystems) to 
make labeled single strand DNA. The PGR reaction product was precipitate by 
adding 2\\\ 3M sodium acetate (pH5.2) and 50|al 95% ethanol to the mixture then 
was kept on ice for 30 minutes and centrifuged at 14000g for 30 minutes. The DNA 
pellet was washed in 70% ethanol after removal of supernatant. The washed and 
air-dried pellet was then resuspended in lOjul Template Suppression Reagent. The 
sample was then applied to the Genetic Analyzer ABI prism 310 or ABI prism 3100 
for analysis 
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2.2.2 Plant cell culture and transformation 
2.2.2.1 Arabidopsis thaliana 
Surface sterilization of seeds 
Seeds of A. thaliana were surface sterilized in 100% Clorox for 5 minutes 
with vigorous shaking, before rinsing with autoclaved double distilled water for 3 
times to remove Clorox. The surface sterilized seeds were either individually 
placed and aligned onto MS agar square plates for growth or spread onto MS agar 
plate with 50mg/L kanamycin for screening of transformants. After keeping in dark 
at 4°C for 2 days, the seeds were grown in growth chamber at 22°C with 70% 
relative humidity under the light/ dark cycle of 16 hours light and 8 hours dark. 
2.2.2.2 Nicotiana tabacum L. cv. Bright Yellow 2 (BY-2) cells 
Transformation of tobacco BY-2 cells 
Agrobacterium-mediated transformation of tobacco BY-2 cells was 
performed according to standard protocol (An, 1985) with some modifications. 
Single colony of GmSALlNl transformed A. tumefaciens LBA4404 was 
cultured in 5ml of LB medium supplemented with 50mg/L Kanamycin, lOOmg/L 
Streptomycin and 50mg/L Rifampicin for 16 hours at 28°C with shaking at 250rpm. 
200|il of 16-hour Agrobacteria culture was then co-cultivated with 4ml of 3-day-old 
wild type BY-2 cells in Petri-dish for 2 days at room temperature in tranquility. 
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Then the co-cultivation mixture was washed with 20ml of MS medium in order to 
remove the Agrobacterium. Finally the washed BY-2 cells were plated onto MS 
agar plates supplemented with 50mg/L kanamycin and 250mg/L cefotaxime and kept 
in dark. Individual tiny calluses, which regenerated after 2 to 3 weeks, were 
selectively transferred to new MS agar plates with 50mg/L kanamycin and 250mg/L 
cefotaxime. Eventually, transgenic cell lines were continuously sub-cultured twice 
a month in MS agar plates supplemented with 50 mg/L kanamycin. 
2.2.3 Growth and treatment conditions for plants 
2.2.3.1 Growth and salt treatment condition of soybean samples for gene expression 
studies of GmSALl 
To study the gene expression pattern of GmSALl under NaCl treatment, 
surface-sterilized soybean seeds were first germinated in filter papers containing 
modified Hoagland's solution that was composed of: 4.5 mM KNO3, 3.6 mM 
Ca(N03)2, 1.2 mM NH4NO3, 3.0 mM MgS04, 1.2 mM (NH4)2S04, 0.25 mM 
KH2PO4 ,4.5 I^M MnS04, 4 .5 |LIM Z11SO4, 1.5 |LIM CUSO4, 0 .4 ^IM (NH4)6MO7024, 
0.09 mM Fe-EDTA，and 1.5 |LIM H3BO3. After germination, one-week-old 
seedlings of uniform growth stage were transferred to hydroponics' system 
containing the same culture medium. The soybean seedlings were grown in a 
greenhouse with temperature and humidity ranging from 24 to 28 and 60 to 80%, 
respectively. After opening of the first trifoliate, seedlings were treated with 
modified Hoagland's solution supplemented with 125mM NaCl. The youngest fully 
expanded trifoliate of treated plants were collected for total RNA extraction before or 
after a 24-h NaCl treatment. 
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For experiments leading to the cloning of GmSALl, the seeds were first 
germinated in sand irrigated with water. After opening of the first trifoliate, the 
seedlings were irrigated with modified Hoagland's solution composed of 5.0mM 
KNO3, 5.0mM Ca(N03)2, 2.0mM MgS04，l.OmM KH2PO4, O.OSmM H3BO3, 
13.5^M Fe-EDTA, 9.0|iM MnS04, 0.8|iM ZnS04, 0.3|aM CUSO4，0.08|LIM 
Na2Mo04(2H20). NaCl treatment was performed using 150 mM NaCl for 3 d. This 
set of samples was prepared by Ms S. N. Tsai. 
2.2.3.2 Root assay of GmSALl 1 transgenic Arabidopsis thaliana 
30 Sterilized seeds of GmSALl transgenic and wild type transgenic 
Arabidopsis thaliana seeds were sowed on MS plates and MS plates supplemented 
with 75mM NaCl respectively. The plants were incubate in 4°C under dark for 2 
days for inhibition, then the plants were moved to an environmentally controlled 
growth chamber. Root length of 14-days old seedlings was measured. 
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2.2.4 Cell viability, ROS detection and confocal microscopy 
2.2.4.1 Cell viability assay 
For cell viability assay, the percentage of dead cells was calculated by 
comparing the cells stained by trypan blue and remained unstained (Sigma-Aldrich, 
Saint Louis, MO, U.S.A ). Cells were treated with 200 mM NaCl for 24 h before 
staining with 0.4% trypan blue. LaCb was added 5 min before NaCl treatment. 
Stained cells were observed under light microscope. Around 250 cells were 
counted for each sample. 3 days old cells were used for all treatments. 
2.2.4.2 Detection of intracellular contents of Na+ 
Sodium G r e e n ™ indicator (Invitrogen, www.invitrogen.com) (Li, Wong et 
al. 2006) were used to visualize intracellular the contents of Na+. Cells were treated 
with 200 mM NaCl for 24 h before staining with 0.4% trypan blue. LaCls was 
added 5 min before NaCl treatment. The treated cells were then stained with 10 |j.M 
Sodium GreenTM indicator to visualize the relative Na+ contents under a confocal 
laser scanning microscope (see section 2.2.4.4). Around 50 cells were analyzed for 
each sample to perform statistical analysis. The experiments were repeated twice. 
2.2.4.3 Detection of Reactive oxygen species (ROS) 
The chemical probe H2DCFDA has been used extensively as a non-invasive, 
in vivo measure of intracellular ROS (LeBel, Ischiropoupos et al. 1992). 3 days old 
cells were used for such experiments. The suspension cells were pre-stained with 
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Dichlorodihydrofluorescein diacetate (H2DCFDA) for 30 minutes in prior to 
treatment with 200mM NaCl for 1 hour. The same level of laser excitation, iris and 
gain were used for each cell counted. The fluorescence intensity of H2DCFDA 
were estimated by using the program ImageJ as described in the below section. 
Around 50 cells were analyzed for each sample to perform statistical analysis. The 
experiments were repeated twice. 
2.2.4.4 Confocal microscopy 
The signal of Sodium GreenTM indicator and H2DCFDA were obtained by 
excitation with an argon laser (Sodium GreenTM: 514 nm; H2DCFDA: 488 nm) and 
subsequent recording using appropriate filter sets (Sodium Green™: HQ545/40; 
H2DCFDA: HQS 15/30). All confocal images were collected by Bio-Rad Radiance 
2100 system controlled by LaserSharp2000 software (Bio-Rad) with the following 
parameters: 60X objective oil lens (Nikon, Tokyo), 2X zoom for intracellular sodium 
content and Reactive oxygen species assay, optimal iris and 512 X 512 box size pixel. 
The Sodium G r e e n ™ and H2DCFDA images were pseudocolored in green. 
2.2.4.5 Images processing and analysis 
Fluorescence signals were analyzed using the ImageJ program (ver. 1.37) 
(Sukumvanich, DesMarais et al. 2004). The images collected were converted to 
Grayscale, 8-bits TIFF files. Quantitative analysis was done by tracing the entire cell 
(by using the selection tools) and the total fluorescence intensity was measured. 
The fluorescence intensity measurement, measured in pixels, was then divided by the 
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area of the cell, to obtain average pixel fluorescence intensity. In addition, 
background fluorescence intensity was measured in the same field and was 
subtracted. 
2.2.5 Statistical analysis 
Data were analyzed by appropriate ANOVA tests, in which case significant 
differences between individual treatments or lines were determined by Tukey's test. 
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Chapter 3 Results 
3.1 GmSALl sequence analysis 
The full length coding region of a HAL2 homologue from soybean 
{GmSALl) was previously cloned from soybean using degenerate primers in our lab. 
In phylogenetic analysis, GmSALl is found to be grouped with the plant HAL2 like 
proteins. The closest PAPase to GmSALl in plant is SALl in Arabidopsis. 
Further BlastP analysis showed that the overall amino acid sequence identity of 
GmSALl to Hal2p homologs with IP phosphatase activity (e.g. AtSALl: 76%; 
AtSAL2: 62%) is higher than those without such enzymatic activity (e.g. AtAHL: 
44%). By conserve domain search, the protein sequence of GmSALl contains 
PAPase and inositol phophatase domain, which indicate that it may encode a 
biflinctional enzymes like SALl and SAL2 in Arabidopsis. Multiple alignment was 
performed using GmSALl and other Hal2p homologues exhibiting IP-phosphatase 
activities (Figure 6). The consensus sequences (Neuwald, York et al. 1991) for IP 
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Figure 4. Phylogenetic tree of GmSALl comparing to other PAPase in plant, bacteria 
and animal. Phylogenetic analysis was performed using the ClustalW and MEGA 
(version 2.1) programs, as described in Materials and Methods. Bootstrap values 
were indicated for major branches as percentage. One thousand replicates were 
used for all possible tree topology calculation. The first two letters of each protein 
label represent the abbreviation of genus and species names followed by the 
GenBank accession number of the corresponding protein. Except for GmSALl 
(GenBank accession number: EF637045.) 
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Figure 5. Conserve domain search of GmSALl protein. Conserve domain search 
was performed by using the Conserve domain search (CDS) provided in the webcite 
of National Center for Biotechnology information. 
(http://www.ncbi.nlm.nih.gov/Stmcture/cdd/wrpsb.cgi) 
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Figure 6. Alignment of the GmSALl protein with closely related Hal2p homologues. 
Alignment of the GmSALl protein with closely related Hal2p homologues The 
amino acid sequence of the GmSALl protein was aligned to the Hal2p homologues 
that exhibit IP phosphatase activities (AtSALl，GenBank accession number: Q42546; 
AtSAL2, GenBank accession number: NP_201205; SpToll, GenBank accession 
number: D86083; and DhDHAL2, GenBank accession number: AY340817) 
(Quintero, Garciadeblas et al. 1996; Gil-Mascarell, Lopez-Coronado et al. 1999; 
Miyamoto, Sugiura et al. 2000; Aggarwal and Mondal 2006), using the ClustalW 
program (Thompson, Higgins et al. 1994) built-in in the BioEdit package (ver. 
7.0.5.3). Conserved amino acid residues found in the two consensus motifs (region A 
and region B) were boxed. These consensus motifs are putative binding sites of IPs 
in inositol monophosphatases (IMP) and inositol polyphosphate 1-phosphatases (IPP) 
(Neuwald, York et al. 1991). 
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3.2 Expression of GmSALl was induced by NaCl stress 
In order to investigate whether GmSALl was involved in NaCl tolerance 
mechanisms, GmSALl expression profile under salt stress in soybean was 
investigated. RNA sample of leave and root from NaCl treated and untreated 
soybean were collected, and northern blot analysis was performed. The expression 
oi GmSALl was induced in leaf and root under NaCl treatment, suggesting a possible 
role of GmSALl in soybean salt tolerance mechanisms. 
Leaf Root 
Untreated NaCl Untreated NaCl 
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Figure 7. Northern blot analysis of GmSALl expression under salt stress 
Growth and treatment condition is as described in Materials and Methods. Untreated: 
Untreated control; NaCl: 125mM NaCl treatment for 24 hours. 10|ig of total RNA 
was loaded into each well. 
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3.3 Construction of GmSALl transgenic tobacco BY-2 cell line 
Transformation of tobacco cell line with GmSALl was done as described in 
materials and method. The recombinant plasmid Nl-GmSALl was transformed into 
the wild type tobacco BY2 cells by co-cultivation method (see the Materials and 
Methods Section). Successful transformation events were screened by PCR using 
oligonucleotides HMOL 1162 and HMOL 1163 (Figure 8). After obtaining the 
transformants, Northern blot analysis was performed to confirm expression of the 
transgene in these transgenic cell lines. The results were shown in Figure 9, which 
shows successful expression in both 1-2 and 1-3 transgenic line comparing to wild 
type. 
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Figure 8. PGR screen of GmSALl insertion in transgenic BY-2 cell 
PGR condition was as described in the Materials and Methods section. Lane 1: Ikb 
plus DNA ladder; Lane 2-5: genomic DNA of wild type BY-2 cells; Lane 6-25: 
genomic DNA of GmSALl transgenic cell lines. 
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Figure 9. Northern Blot analysis of GmSALl expression in transgenic BY-2 cell. 
Lane 1: wild type. Lane 2 and 3: GmSALl transgenic cell line 1-2 and 1-3 
respectively. 10|ig of total RNA was loaded into each well. Both transgenic lines 
show expression of GmSALl. 
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3.4 Ectopic expression of GmSALl alleviates NaCl stress in transgenic tobacco 
BY-2 cells 
Though salt stress can induce the gene expression of GmSALl, its function 
in stress tolerance remains largely unknown. Therefore, transgenic tobacco BY-2 cell 
was employed to investigate whether the ectopic expression of GmSALl can improve 
salt tolerance performance under salt stress. The BY-2 cells were treated as described 
in materials and method and cell viability was observed by using Trypan blue (Figure 
10 and Table 8). Under 200mM NaCl treatment, both GmSALl transgenic cell lines 
show better percentage of survival by 20-26 percent when compare to the wild type 
cells. This result suggests that GmSALl exerts a protective effect against NaCl 
treatment on transgenic BY-2 cells. 
It is well-known that alternation of intermediates in the IP3 signaling 
2+ 
pathway will affect [Ca ]cyt content, which in turns affect stress tolerance 
performance (DeWald, 2001). Since GmSALl shares a high homology with 
AtSALl, which is identified as a IPP-l-Pase (Quintero et. al. 1996; Xiong, 2001), 
GmSALl may play a role in stress tolerance. In order to investigate whether 
I 
GmSALl gene product protected the cells through its effect on Ca fluxes, we 
treated the transgenic cells with the calcium channel blocker LaCls to see whether the 
protective effect will loss. When the GmSALl transgenic cell lines were treated 
with 0.5mM LaCb (a calcium channel blocker) in prior to NaCl treatment, the 
protective effect of GmSALl on the transgenic lines loss. LaCls treatment itself did 
not affect the survival rate of both wild type and transgenic cell line. Since LaCls 
blocks influx of calcium into the cytoplasm, this result suggests that the protective 
effect of GmSALl may be depended on altering fluxes of [Ca^ ]^cyt content. 52 
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Figure 10. The protective effects of expressing GmSALl in transgenic BY-2 cells 
under NaCl treatment. Cells of the wild type BY-2 (a-c), the GmSALl transgenic line 
1-2 (d-f), and line 1-3 (g-i) were transferred to fresh growth medium without other 
supplements (a, d, g), with 200 mM NaCl (b, e, h), or with 200 mM NaCl and 0.5 
mM LaCls (c, f, i) for 24 h. Treated cells were then stained with Trypan blue. Dead 
cells were stained blue. Scale bar 二 100 jam. Quantitative analysis was shown in 
Table 8. 
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Table 8 Quantitation of cell viability using Trypan blue stain 
Cell Lines Cell viability (%) 
Untreated 200 mM NaCl 200 mM NaCl + 0.5 mM LaCb 
0.5 mM LaCb 
Wild type 97.0土 1.6 40.7士 1.3 39.4士 1.2 97.8士 1.3 
GmSALl 98.3±1.1 66.5±1.5** 39.4 士 1.9 96.8士 1.2 
(line 1-2) 
GmSALl 97.6 士 1.2 60.2士 1.4** 41.0 士2.6 97.7士 0.7 
(line 1-3) 
Numerical data represent the mean value of 2 experiments ( � 2 5 0 cells each)土 
standard derivation. **: statistically different (p<0.01) from the wild type BY-2 cells 
under the same treatment, based on one-way ANOVA followed by the Tukey test. 
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3.5 GmSALl enhances vacuolar sodium compartmentalization in transgenic 
tobacco BY-2 cell under NaCl treatment 
In order to investigate how GmSALl improves cell survival in BY-2 cells, 
Na+ compartmentalization was being studied. Sodium Green'^^ was used as a tool to 
detect the vacuolar sodium compartmentalization in tobacco BY-2 cells as described 
in materials and method. There was no difference in vacuolar sodium content in both 
wild type and GmSALl transgenic cell lines under normal condition. Under NaCl 
treatment, a higher signal intensity of Sodium Green'^^ (which mostly localized in 
vacuole) was observed in the GmSALl transgenic cell lines (Figure 11, e and h; Table 
9) when compared to wild type (Figure lib, Table 9). This suggest that there are 
more Na+ being compartmentalize into the vacuole in the GmSALl transgenic cell 
lines compared to wild type under salt stress. Again when the cell lines were 
pretreated with the calcium channel blocker LaCls in prior to NaCl treatment, the 
vacuolar sodium content in GmSAll transgenic line show no difference when 
compare to the wild type under NaCl treatment (Figure 11c, f & i). LaCls itself will 
not affect the vacuolar sodium content in the cell. These results suggested that 
GmSALl protect the plant cells under salt stress by enhanced compartmentalization 
2+ 
of Na+ into the vacuole, and such effect is again depended on the presence of Ca . 
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Figure 11. Changes in vacuolar Na+ content in transgenic BY-2 cell under NaCl 
treatment. Cells of the wild type BY-2 (a-c), the GmSALl transgenic line 1-2 (d-f), 
and line 1-3 (g-i) were transferred to fresh growth medium without other 
supplements (a, d, g), with 200 mM NaCl (b, e, h), or with 200 mM NaCl and 0.5 
mM LaCls (c, f, i) for 1 h. The treated cells were then stained with 10 i^M Sodium 
GreenTM indicator to visualize the relative Na+ contents under a confocal laser 
scanning microscope (see Materials and Methods). The fluorescent signal was shown 
as the pseudo-color green. Scale bar = 50 |Lim. Quantitative analysis was shown in 
Table 9. 
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Table 9 Quantitation of florescence signal of Sodium G r e e n ™ indicator in vacuoles 
Cell Lines Signal intensity of Sodium Green™ (pixels per cm】） 
Untreated 200 mM NaCl 200 mM NaCl + 0.5 mM LaCb 
0.5 mM LaCb 
Wild type 45.3±1.9 46.4士3.1 52.4±3.5 47.0士 1.8 
GmSALl 44.4 土2.3 625.3士 15.1** 56.6 土 4.0 51.2 士 3.3 
(line 1-2) 
GmSALl 54.3 士0.6 580.4士25.2** 46.9士 3.8 51.7 士 4.9 
(line 1-3) 
GmNHXl 47.2 士2.4 587.6士28.6** 558.5士30.9** 53.3士 1.9 
control 
Numerical data represent the mean value of -50 cells土standard derivation. **: 
statistically different (p<0.01) from the wild type BY-2 cells under the same 
treatment, based on one-way ANOVA followed by the Tukey test. 
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3.6 GmSALl helps maintain cell turgidity in transgenic tobacco BY-2 cell 
under NaCl treatment 
Compartmentalization of Na+ is tightly linked to maintainence of osmotic 
homeostasis of plant cells when under salt stress (Munns 2002). Since GmSALl 
enhances vacuolar Na+ compartmentalization in plant cells under salt treatment, it 
will be interesting to see whether expressing GmSALl will affect the cell turgidity as 
well. Therefore the changes of GmSALl transgenic and wild type BY-2 cell vacuolar 
Na+ content and protoplast size were observed in a real time manner. When NaCl 
was added to the medium, the protoplast size of GmSALl transgenic line first 
decrease and start to recover at 1520 seconds after treatment and recovered to normal 
after 3020 seconds. But for wild type, once NaCl was added the cell began to 
flaccid and never recover for the whole observation period. When LaCls was added 
before NaCl treatment, the recovery that featured in GmSALl transgenic line was 
loss. The graphical result is shown in Figure 12. For the vacuolar sodium 
compartmentalization, the sodium ions being transported into the vacuole of the 
GmSALl transgenic cell line after adding NaCl. For wild type, the sodium ion had no 
significant compartmentalization into the vacuole after NaCl treatment for the whole 
observation process. The compartmentalization of sodium ion into the vacuole was 
weaken in GmSALl transgenic cell line when the cell was pretreated with LaCls 
before NaCl treatment, similar with the results described in section 3.5. 
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Figure 12. Change of protoplast size of transgenic BY-2 cell under salt stress. 
Differential interference contrast (DIC) images of cells of the wild type BY-2 treated 
with NaCl (a-d) and the transgenic GmSALl line 1-2 treated with NaCl without (e-h) 
or with (i-1) the supplementation of LaCla were recorded. The photographs taken at 
20 sec (a, e, i), 520 sec (b, f, j), 1520 sec (c，g, k), and 3020 sec (d, h, 1) were shown. 
Scale bar = 50 |Lim.. 
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Figure 13. Changes of protoplast size and vacuolar Na+ content in transgenic BY-2 
cell under NaCl treatment in real time. The changes in Na+ content and cell size and 
the effects of LaCls over a period of time after NaCl treatment were compared in 
cells of the wild type BY-2 and the GmSALl transgenic line 1-2. Each data point 
represented the average value of 5-6 cells. Open square: Na+ content without LaCls 
treatment; open diamond: Na+ content with LaCls treatment; closed square: cell size 
without LaCls treatment; closed diamond: cell size with LaCls treatment. 
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3.7 GmSALl enhances ROS scavenging in transgenic tobacco BY-2 cell under 
NaCl treatment 
It is well known that Ga flux is closely related with ROS scavenging in 
various abiotic stresses. Therefore we investigate the effect of expressing GmSALl 
in transgenic BY-2 cells on ROS scavenging under salt stress by assay the ROS 
content (using the fluorescence dye H2DCFDA) in NaCl treated GmSALl transgenic 
line and wild type BY-2 cell. Under untreated condition, there is no significant 
difference in the ROS content between wild type and GmSALl transgenic cell line 
(Figure 14, a, d &g). But under salt stress, there is a much lower ROS content in 
GmSALl transgenic cell line comparing to wild type cell (Figure 14, b, e &h). When 
the cells were pretreated with LaCls, the ROS content of both the wild type and 
GmSALl transgenic lines are very high (Figure 14, c，f &i; Table 10). These findings 
suggested that GmSALl enhances the ROS scavenging activity under salt stress again 
in a calcium dependent manner 
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Figure 14. ROS production in transgenic BY-2 under NaCl treatment. Cells of the 
wild type BY-2 (a-c), the GmSALl transgenic line 1-2 (d-f), and line 1-3 (g-i) were 
pre-stained with H2DCFDA for 30 min before transferred to fresh growth medium 
without other supplements (a, d, g), with 200 mM NaCl (b, e, h), or with 200 mM 
NaCl and 0.5 mM LaCls (c, f, i) for 1 h. The signals of H2DCFDA were observed 
using a confocal laser scanning microscope (see Materials and Methods). The 
fluorescent signal was shown as the pseudo-color green. Scale bar 二 50 
Quantitative analysis was shown in Table 10. 
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Table 10 Quantification of fluorescence signals ofH2DCFDA^ 
Cell Lines Signal intensity of H2DCFDA (pixels per cm】） 
Untreated 200 mM NaCl 200 mM NaCl + 0.5 mM LaCb 
0.5 mM LaCls 
Wild type^ 162.9 士 18.8 646.0±20.4 729.8士 14.1 194.9 士 21.2 
GmSALl 175.1 士 19.0 305.8士25.4** 724.5士 21.1 180.2 士 19.0 
(line l-2)b 
GmNHXl control 165.1 士 12.4 629.3土31.0 718.7士22.6 175.4士27.3 
Wild type" 148.9±11.0 708.6士8.1 668.6士7.6 135.3士8.0 
GmSALl 136.0±7.3 301.7士8.2** 694.8土 7.8 128.9 土 8.5 
(line 1-3)� 
Numerical data represent the mean value of � 5 0 cells土standard derivation. **: 
statistically different (p<0.01) from the wild type BY-2 cells under the same 
treatment, based on one-way ANOVA followed by the Tukey test. ^ and ^ indicate 
two separate sets of experiment. 
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3.8 Effect of expressing GmSALl in Arabidopsis thaliana under salt stress 
To evaluate the effect of expressing GmSALl under salt stress in in planta 
level, GmSALl transgenic Arabidopsis were generated and its growth performance 
under salt treatment were evaluate. Root length is a commonly used parameter for 
assaying plant growth performance under stress. Therefore a root length assay was 
conducted and the root length of the plants under salt treatment was recorded and 
analyzed. In Figure 15., both GmSALl transgenic lines show better growth 
performance under 75mM NaCl treatment by comparing to wild type Columbia-0 
and empty vector control transgenic Arabidopsis. 
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Figure 15. Root length assay of Arabidopsis under 75mM NaCl treatment. By one 
way ANOVA analysis, the transgenic lines (7-4-4 and 1-1-2) are statistically different 
from the W.T. and empty vector control (V7) under salt stress. * = ^0.05, **= < 
0.01,***=幼.001 
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Chapter 4 Discussion 
Due to the problem of salinization in arable land, scientists have been 
searching for candidate genes which involve in salt tolerance in plants. The salt 
tolerance mechanisms in plants can mainly divided into two catergories: (1) 
homeostasis and (2) detoxification. Scientists have identified several gene 
candidates either code for genes that code for ion transporter responsible for 
compartmentalization or exclusion {AtNHXl (Apse, Aharon et al. 1999), SOSl (Shi, 
Ishitani et al. 2000)); or the control switch that regulate the ion transports (SOSS (Qiu, 
Guo et al. 2002)). Genes that encode for plasma membrane (Shi, Quintero et al. 
2002) or tonoplast localized Na+/H+ antiporters (Apse, Aharon et al. 1999; Yokoi, 
Quintero et al. 2002; Li, Wong et al. 2006) and chloride channels (Li, Wong et al. 
2006; Nakamura, Fukuda et al. 2006) were reported. Their protective functions and 
the capability of ion compartmentalization under salt treatment were demonstrated 
(Apse, Aharon et al. 1999; Shi, Quintero et al. 2002; Yokoi, Quintero et al. 2002; Li, 
Wong et al. 2006). These will help to exclude toxic ions out of the cell or 
compartmentalize the toxic ions into vacuoles inside the cells to reduce the ion 
toxicity in cytoplasm and maintain an osmotic gradient for water acquisition when 
plant is under salt stress (Blumwald, Aharon et al. 2000; Zhang and Blumwald 2001; 
Yokoi, Quintero et al. 2002). 
Another salt tolerance mechanism in plant is by removing the 
accumulation of toxic ROS. ROS would accumulate when under salt stress and 
these highly reactive molecules would lead to cell damage or even programmed cell 
death (Path, Bethke et al. 2001; Apel and Hirt 2004). The most common way to 
deal with ROS is to increase the production of ROS scavenging enzymes. Ectopic 
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expression of genes that encode ROS scavenging enzymes such as ascorbate 
peroxidase and glutathione peroxidase can also alleviate salt damage (Roxas, Smith 
et al. 1997; Badawi, Kawano et al. 2004). 
The most effective way for plant to tolerate salt is to process both ion 
exclus ion/compar tmenta l iza t ion and high ROS scavenging activities under salt stress. 
There are several signaling pathways present in plants and C a � . signaling pathway 
seems to be involved in the regulation of both salt tolerance mechanisms that would 
lead to salt tolerance. not only acts as nutrient in plant, it also acts as a 
secondary messenger. The changes of Ca^" content in cytosol with different 
calcium channels in and out from intracellular organelles and apoplast would activate 
different combinations of calcium-binding protein. A few studies also implicate 
that Ca2+ signals may play a key regulatory role in vacuolar ion 
compartmentalization (Yamaguchi, Aharon et al. 2005) and ROS scavenging (Jiang 
and Zhang 2003). 
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4.1 Sequence analysis and enzyme activity of GmSALl 
We obtained a cDNA clone of the GmSALl gene from soybean. From the 
phylogenetic tree analysis (Figure 4.), GmSALl shows high homology with AtSALl, 
a HAL2 homolog in Arabidopsis. AtSALl code for a bifunctional enzyme that not 
only hydrolyses 3，(2，)-phosphoadenosine 5,-phophate that exhibit by HAL2 in yeast, 
it also process inositol polyphosphate 1-phosphatase activity. Conserve domain 
search shows that GmSALl protein contains both inositol phosphate phosphatase 
and 3,(2,),5’ bisphosphate nucleotidase conserve domains (Figure 5.). The 
presence of the consensus sites for inositol phosphate binding in GmSALl (Figure 6.) 
further suggest the possibility of GmSALl process inositol phosphate activity. 
In order to prove that GmSALl does encode for an bifunctional enzyme 
which possess both (3,(2,),5, bisphosphate nucleotidase and inositol polyphosphate 
1-phosphatate) activities, enzyme activity assay with various inositol phosphates as 
substrate was performed (by Dr. B. L. Lim, Department of Zoology, University of 
Hong Kong). GmSALl was cloned into pGEX-2T vector and fused with 
Glutathione S-Transferase protein, and expressed in E. coli DE3 cell. 
3'(2')-phosphoadenosine 5,-phophate and different inositol phosphates were used as 
substrates in substrates activity test of GmSALl protein. The results shows that 
GmSASLl is a bifunctional enzyme which would act on both 
3’(2,)-phosphoadenosine 5,-phophate and inositol 1,4,5 triphosphate (Appendix I.). 
This result is different from other plant Hal2 protein homologues that exhibit in vitro 
substrate specificity toward inositol-1,3,4-triphosphate and inositol-l,4-biphosphate 
(Quintero, Garciadeblas et al. 1996; Gil-Mascarell, Lopez-Coronado et al. 1999; 
Xiong, Lee et al. 2001). Although in planta studies showed that IP3 accumulated in 
68 
mutants deficient in AtSALl (Xiong, Lee et al. 2001), our result is the first 
biochemical evidence to demonstrate a high substrate specificity of a plant Hal2 
protein homologue toward IP3. The Km value of IP3 is � 1 0 |iM (Table 1). Since 
the level of IP3 requires to induce Ca^^ is at |uiM level (Blatt, Thiel et al. 1990) and 
the binding affinity of IP3 on membrane is high (Brosnan and Sanders 1993), it is 
likely that GmSALl plays a role in fine-tuning the IP3 levels and hence its regulation 
on Ca2+ signals. Increasing evidence showed that it is not the absolute amount of 
cytosolic Ca2+ that triggers the cellular responses. Frequency, amplitude, duration， 
and number of Ca^^ oscillations signify specific responses to different input signals 
(Sathyanarayanan and Poovaiah 2004). GmSALl might exhibit its physiological 
actions by affecting Ca2+ oscillations through its IP3 phosphatase activity. While Ca2+ 
signals are involved in salt tolerance mechanisms (Yamaguchi, Aharon et al. 2005; 
Hu, Jiang et al. 2007), unregulated Ca^^ signals under stresses may lead to 
detrimental effects (Levine, Pennell et al. 1996; White and Broadley 2003). In this 
aspect, overexpression of GmSALl in transgenic cell lines may provide a better 
safeguard of cytoplasmic Ca^ "" level by fine-tuning the level of IP3. 
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4.2 Gene expression profile of GmSALl 
Hal2 protein is a target of salt stress and a salt tolerance determinant in 
yeast (Murguia, Belles et al. 1995; Murguia, Belles et al. 1996). Hal2 protein 
homologues in plants were found to be related to abiotic stresses by their effect on 
enhancing expression of stress responsive genes and the enhanced salt sensitivity of 
AtSALl mutants (Xiong, Lee et al. 2001). In this study, the role of GmSALl as a 
salt tolerance determinant is hinted by the induction of GmSALl gene expression by 
salt stress, especially in the leaf tissues (Figure 7.). 
The finding that some members of Hal2 protein homologues in plants 
exhibit inositol phosphate phosphatase activities (Quintero, Garciadeblas et al. 1996; 
Gil-Mascarell, Lopez-Coronado et al. 1999; Xiong, Lee et al. 2001) raises the 
possibility that these plant Hal2 homologues may regulate Cs?^ signals via their 
action on phosphoinositide under abiotic stress (Meijer and Munnik 2003). 
However, there is no direct evidence showing that the protective effects conferred by 
Hal2 protein under salt stress are mediated by Ca^" signals through their inositol 
phosphate phosphatase activity. As mentioned in section 1.3 and 1.4, salt stress 
tolerance mechanisms such as compartmentalization of Na+ (Yamaguchi, Aharon et 
al. 2005) and ROS scavenging is regulated by calcium (Jiang and Zhang 2003). Yet 
the roles of Hal2 protein on vacuolar ion compartmentalization and ROS scavenging 
were not reported previously. The salt-induciblity of GmSALl gene expression 
suggests that GmSALl may involve in salt stress tolerance mechanism through its 
inositol phosphate phosphatase activity, which affect [Ca^lcyt signal and in turns 
regulate salt stress tolerance mechanism. 
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4.3 Functional analysis of GmSALl in transgenic tobacco BY-2 cells 
4.3.1 GmSALl protects transgenic BY-2 cells under salt treatment 
GmSALl was successfully transformed into tobacco BY-2 cells and 
confirmed by PGR screening (Figure 8.). Northern blot of the transgenic cell lines 
confirmed that GmSALl was successfully expressed (figure 9.). In order to 
investigate whether overexpressing GmSALl in plant cell would help to increase salt 
tolerance, the transgenic cell lines are subject to 200mM NaCl treatment for 24 hours. 
The viability of the BY-2 cells was observed by staining the cells with Trypans blue. 
The GmSALl transgenic cell lines show a higher percentage of viable cells when 
compared to the wild type cells (Figure 10. and Table 8.). However, when the 
GmSALl transgenic cell lines are subject to pretreatment of 0.5mM LaCh (a calcium 
channel blocker), the GmSALl transgenic cell lines shows similar cell viability with 
the wild type. Thus overexpression of GmSALl enhances salt tolerance in 
transgenic BY-2 cells in a calcium dependent manner. This results suggests that 
GmSALl, which possess inositol phosphate phosphatase activity, regulates salt 
tolerance mechanism, most likely through altering fluxes of [Ca^ J^cyt-
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4.3.2 GmSALl regulates Na+ compartmentalization and ROS scavenging in 
transgenic BY-2 cells under NaCl treatment in a calcium dependent manner 
We furthered our studies using the BY-2 cell system to facilitate detailed 
microscopic analysis and used this system to demonstrate a link between the function 
of GmSALl to C a � . signal dependent vacuolar sodium ion compartmentalization and 
ROS scavenging. The GmSALl protein itself is not an ion transporter or direct 
switch controlling ion transport. However, ectopic expression of GmSALl in 
transgenic BY-2 cells can enhance Na+ compartmentalization into vacuoles (Figure 9. 
and Table 11.). Such enhancement effect is again sensitive to the treatment LaCb 
(Figure 9. and Table 11.). Therefore, GmSALl exerts its functions by regulating 
some tonoplast-localized Na+ transporters in BY-2 cells in a Ca^^ signal dependent 
manner. The regulatory effect of GmSALl on vacuolar ion homeostasis brings a new 
perspective to the function of this protein in plants. Previous reports only showed 
that a plant Hal2 protein homologue (AtSALl) can modulate Na+ efflux in transgenic 
S, cerevisiae in which the regulation of ENA ATPase activities by inositol 
polyphosphate 1-phosphatase activity is involved (Quintero, Garciadeblas et al. 
1996). Also several reports have identified several calcium regulated ion 
transporter present in plant (Qiu, Guo et al. 2002; Yamaguchi, Aharon et al. 2005). 
The most similar scenario to GmSALl may be the SOS cascade. 
The SOS cascade mainly involves three family members, SOSl, S0S2 and 
S0S3. S0S3 activate S0S2 in a Ca^^-dependent manner (Halfter, Ishitani et al. 2000), 
and the first target of the SOS3-SOS2 regulatory pathway is the plasma membrane 
Na+/H+ antiporter encoded by SOSl gene. SOSl gene expression during salt stress is 
partially controlled by S0S3 and S0S2 (Shi, Ishitani et al. 2000), and the activation 
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of SOSl Na+/H+ antiport activity requires S0S3 and S0S2 (Qiu, Guo et al. 2002). 
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GmSALl may act as upstream of some S0S3-like protein by affecting the Ca 
signature. This may affect the activation of vacuolar Na+ transporter and increase 
sodium intake under salt stress. This would remove sodium ion toxicity that would 
affect different enzyme activity and the production of ROS. 
It is a common understanding that ion compartmentalization into vacuoles 
helps maintaining an osmotic gradient to facilitate uptake of water from the 
surrounding of low osmotic potential (Munns 2002). A net water loss from cell will 
result in plasmolysis. However, a real time comparison between the protoplast size 
and the vacuolar ion content of a single plant cell under salt stress is seldom reported. 
By capturing a series of photos with short time intervals, we are able to demonstrate 
that GmSALl can help to maintain protoplast size by accumulating Na+ in vacuoles 
(Figure 12 and 13). Both the cells of wild type BY-2 and GmSALl transgenic line 
lost water (and hence reduced protoplast size) initially when subjected to salt stress. 
However, the cell of the transgenic line could effectively accumulate Na+ in vacuoles 
and the resulting lowered osmotic potential allowed the cell to regain turgidity. 
Consistent with the results shown in Figure 11 and Table 9 (a single time point 
experiment), this function of GmSALl depends on Ca'^ signals (Figure 12. and 
Figure 13.). 
The role of Hal2 protein members in ROS scavenging has not been 
reported previously. We first demonstrated such function by tracking the changes of 
ROS (in form of H2O2) contents when the cells were subjected to salt stress. In wild 
type BY-2 cells, ROS accumulated as expected (Figure 14 and Table 10) and 
eventually led to cell death (Figure 10 and Table 8). By contrast, in GmSALl 
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transgenic lines, a drastic reduction of ROS was achieved (Figure 14 and Table 10) 
and it is correlated with the lower mortality rate of the cells (compared to the wild 
type BY-2) under prolonged salt treatment (Figure 10 and Table 8). Such protective 
effect by GmSALl again is dependent on Ca'^ signals. Several ROS scavenging 
enzyme are controlled by [Ca^lcyt signaling. The C a � . stimulates the production of 
ROS by plasma membrane bond NADPH oxidase, and triggers the induction 
production of antioxidant enzyme activity (Jiang and Zhang 2003). 
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4.4 Functional tests of GmSALl transgenic A.thaliana 
In this study, we have demonstrated that GmSALl could protect the plant 
cells under salt stress by vacuolar sodium ion compartmentalization and ROS 
scavenging. It would be important to investigate whether GmSALl could improve 
growth performance of plants as well when under stress. In this study, we have 
successfully construct GmSALl transgenic Arabidopsis thaliana, which act as an in 
planta system for evaluation of the effect of expressing GmSALl in plants under 
stress. Root length is a commonly use parameter for assaying plant growth 
performance under stress. Therefore a root length assay was conducted and the root 
length of the plants under salt treatment were recorded and analyzed. GmSALl 
transgenic Arabidopsis lines showed a better growth performance than the wild type, 
with a lower root-length deduction when treated under salt stress. This result 
support our findings that GmSALl is involved in salt stress tolerance, most likely 
through vacuolar sodium ion compartmentalization and ROS scavenging, thus 
improving plant growth performance under salt stress. 
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Chapter 5 Conclusion and perspective 
Salinization was one of the major problems affecting agriculture in the 
world. Under salt stress, Na+ will be transported into the plant cells' cytosol. The 
increase of Na+ in the cytosol would disturb ion homeostasis, causing inhibition of 
several enzyme. Other adverse effect brings about by high Na+ content include 
hyperosmotic stress and over-accumulation of ROS occur. Scientist have identified 
several gene candidates that either control the ion exclusion/compartmentalization or 
ROS scavenging, and the overexpression of some of these gene candidates found to 
be successful in increasing salt tolerance in heterologous system.. 
We obtained a cDNA clone of the GmSALl gene from soybean. By 
computer analysis, it is predicted to encode a bifunctional enzyme that hydrolyze 
both 3'(2')-phosphoadenosine 5,-phophate and inositol phosphate. This was verified 
by us using substrate activity test, in which the GmSALl protein hydrolyze both 
3，(2’)-phosphoadenosine 5,-phophate and IP3. The ability of GmSALl protein to 
hydrolyze IP3 may affect the calcium signaling by affecting the IP3 mediated calcium 
channel in ER and vacuole. 
We have transformed the GmSALl into tobacco BY-2 cell and the GmSALl 
transgenic lines shows better viability under NaCl treatment under wild type. We 
observed the Na+ concentration in the vacuole in tobacco BY-2 cell under NaCl 
treatment and the result showed that GmSALl transgenic lines had accumulate more 
Na+ in the vacuole than the wild type cells. ROS content in the BY-2 cell under 
NaCl treatment was also measured; the GmSALl transgenic lines showed less ROS 
accumulation in the cells. When LaCls ( c a l c i c channel blocker) was added before 
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salt treatment, the protective effect, higher vacuolar Na+ compartmentalization and 
ROS scavenging effect were all disappeared. This shows that the protective effect 
on BY-2 cells under salt treatment by enhancing Na+ compartmentalization and ROS 
scavenging through heterologous expression of GmSALl were in a calcium 
dependent manner. GmSALl transgenic A. thaliana lines were also constructed. The 
GmSALl transgenic A. thaliana shows a better growth performance under NaCl 
treatment when compared to wild type. This suggests that GmSALl also works in in 
planta level, probably through vacuolar sodium ion compartmentalization and ROS 
scavenging. 
2 j • 
In the future, the relationship between GmSALl, IP3, [Ca ]cyt, ion 
transporter and ROS scavenging have to be deeply investigated. Finding the 
linkage between them will give insights of calcium mediated salt tolerance 
mechanisms. Also the effect of GmSALl on other abiotic stresses should also be 
studied, as calcium signaling play major role in the tolerance mechanisms (White and 
Broadley 2003) in multiple stresses, both abiotic and biotic. GmSALl can also be 
transformed into rice to test the possible applicational value in molecular engineering 
of stress-tolerance plants. 
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Appendix I 一 Substrate specificity and Km, Kcat values of GmSALl protein. 
Substrates Activity Specific ^ ^ ^ K ^ ^ 
(%) activity (^M) (min]) 
(|imol 
• -1 -1、 
mm mg ) 
PAP 1.4 140-165 114 
Inositol 1,4,5-triphosphate 83 1.2 4-11 76 
Inositol 1,3,4-triphosphate 0 
Inositol 1,4-bisphosphate 0 
Inositol 1-monophosphate 0 
Myo-Inositol 0 
hexakisphosphate 





Enzyme assays were basically according to Murphy (1962) with slight modifications. 
A 100|il reaction mixture containing the recombinant protein and substrate in 25mM 
Tris-HCl pH7.5, ImM magnesium chloride was conducted at 37°C for 30min and the 
released inorganic phosphate was quantified at 650nm on a 96-well microliter plate 
reader (Tecan, Grodig, Austria). The Km for PAP, IP3(1,4,5) and ATP hydrolysis 
were determined by measuring substrate hydrolysis rates with related gradients 
(IP3:0.0125mM, 0.025mM,0.05mM,0.1mM,0.2mM; PAP: 0.05mM, 
0.1mM,0.15mM,0.2mM; ATP 0.03125mM, 0.0625mM, 0.125mM, 0.25mM, 0.5mM, 
ImM). Kcat of PAP, IP3(1,4,5) and ATP were calculated according to Km, protein 
concentration, and molecular weight of the recombinant protein. The activity of Hal 
protein towards PAP is taken to be 100%. The activity values were obtained with 
different substrates, 0.5mM (0.2mM for IP3 and PAP) under pH7.5, ImM 
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magnesium chloride at 37^C for 30min (Mascarell et a/., 1999; Quintero et aL,\996). 
The results are from three independent experiments, each performed in triplicates 
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Appendix II 一 Restriction and modifying enzymes: 
Taq DNA polymerase Roche 1647679 
Taq DNA polymerase Invitrogen 10342-053 
Taq DNA polymerase Promega M1665 
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Appendix III - Chemicals: 
1. Ammonium acetate Ajax 27 
2. Ampicillin Sigma A9518 
3. Agarose Invitrogen 15510-027 
4. ATP, disodium salt B/M 519979 
5. Bacto-peptone Difco 0118-01-8 
6. Bacto-Agar Difco 214010 
7. Bacto-yeast extract Difco 0127-179 
8. Benzyl-aminopurine Sigma B5898 
9. Blocking reagent Roche 1096175 
10. Boric acid Ajax 101 
11. Bovine serum albumin Sigma A7906 
12. Bromophenol blue Merck 8122 
13. Calcium chloride Merck 23 80 
14. Calcium nitrate Ajax 135 
15. Cefotaxime, sodium salt Amresco E868 
16. Cetyldimethylethylammonium bromide (CTAB) Sigma C5335 
17. Chloroform Merck 3445 
18. Copper sulfate, anhydrate Sigma C1297 
19. Cupric chloride, dihydrate Sigma C6641 
20. Dichlorophenoxyacetic acid (2,4-D) Sigma D2128 
21. 2'-7'-dichlorodihydrofluorescein diacetate Molecular probe D399 
22. Disodium hydrogen phosphate Sigma S0876 
23. Dithiothreitol, DDT (1 OOmM) Promega P1171 
9 0 
24. EDTA, disodium salt Sigma E5143 
25. EDTA, ferrous-sodium salt Sigma EDFS 
26. EGTA, sodium salt Sigma E3889 
27. Ethanol (absolute) Merck 100986 
28. Ethidium bromide Sigma E7637 
29. Formaldehyde (37%) Sigma F8775 
30. Formamide Boehringer 1814320 
31. Gelrite gellan gum Sigma G1910 
32. Genetamicin sulfate Sigma G3632 
33. Glacial acetic acid Sigma A4508 
34. Glycine Sigma G7403 
35. Hydrochloric acid (36%) Ajax 1364 
36. Iso-amylalcohol Merck 100979 
37. Isopropanol Labscan C2519 
38. Isopropyl b-D-thiogalactopyanside (IPTG) US 75828 
39. Kanamycin, monosulfate Sigma K4000 
40. Lathinum chloride, heptahydrate Sigma L4131-25G 
41. Luria Bertani broth, Miller Difco 0446-17-3 
42. Maleic acid Sigma M0375 
43. Magnesium chloride Sigma M9272 
44. Magnesium sulphate Ajax 302 
45. Mannitol Ajax 530 
46. p-mercaptoethanol Sigma M6250 
47. MES Sigma 3023 
48. Methanol Merck 6007 
49. Metro-mix soil Hummert 10-0325 
91 
50. MOPS USB 19256 
51. Murashige & Skoog salt mixture GibcoBRL 11117-017 
52. Murashige & Skoog Basal salt mixture (MS) Sigma M5524 
powder, plant cell culture tested 
53. Myoinositol Sigma 15125 
54. N-lauroylsarcosine Sigma L5125 
55. Phenol-chloroform-isoamylalcohol (25:24:1) Amersco 883 
56. PIPES B/M 239496 
57. Polyvinylpyrrolidone Sigma PVP-40T 
58. Potassium dihydrogen orthophosphate Ajax 391 
59. Potassium acetate Sigma P1147 
60. Potassium hydroxide Merck 5033 
61. Potassium nitrate Sigma P8394 
62. Potassium phosphate, monobasic Sigma P5379 
63. Pyridoxine-HCl Sigma P9755 
64. Rifampicin Sigma R3501 
65. SDS Bio-Rad 161-0302 
66. Silwet-77 Lehle seeds 
67. Sodium acetate, anhydrous Sigma S2889 
68. Sodium chloride RdH 31434 
69. Sodium citrate, trisodium salt Sigma S4641 
70. Sodium dihydrogen phosphate RdH 10245 
71. Sodium dodecyl sulfate B/M 1028693 
72. Sodium Green^M indicator Molecular probe S6901 
73. di-Sodium hydrogen phosphate-2-hydrate RdH 30435 
74. Sodium hydroxide Merck 6498 
9 2 
75. Sodium molybdate RdH 31439 
76. Sucrose Sigma SI888 
77. Tris-HCl Amresco 0826 
78. Trypan blue solution (0.4%) Sigma T8154 
79. Tween-20 Bio-Rad 170-6531 
80. Urea Sigma U1250 
81. Zinc sulfate, heptahydrate Sigma Z4750 
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Appendix IV 一 Commercial Kits: 
1. ABI prism dRhodamine terminator cycle sequencing ready reaction kit 
Peckin-Elmer 402078 
2. DIG DNA labeling kit Roche 
3. High pure PCR product purification kit Roche 
4. Wizard plus minipreps DNA purification kit Promega A7510 
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Appendix V - Equipments and facilities used: 
1. Biological Safety Cabinet iBaker SG6Q0E 59419 
2. Centrifuge J2-MI Beckman T373 with JA-14 rotor 
3. Gel IQQOUV Fluorescent Gel Doc Bio-Rad 200015450 
4. Genetic Analyzer ABI Prism 3100 Perkin elmer 
5. Gene Pulser Apparatus Bio-Rad 165-2076 
6. Growth chamber Percival AR-32L 3859-05-971 
7. GS Gene Linker UV Chamber Bio-Rad 0392-92-0336 
8. Nikon microplot microscope Nikon DXM120Q 
9. Orbital shaker Lab line 4628-1 
10. Power supply MIDI MP-25Q Life technologies 4801311 
11. Programmable Thermal C o n t r o l l ^ MJ Research PTC 100 96VHB 200003879 
12. Refrigerated Centrifuge 581 OR Eppendorf 03463 
13. Solvent System Centrivap Unit Labconco 79840-01 
14. TELCO incubator Cole-Parmer 39352-02 
15. Confocal laser scanning microscope Bio-Rad (Zeiss) Radiance 2100™ 
9 5 
Appendix VI - Buffer, solution, gel and medium formulation 
Agarose gel (0.8%) 0.8% agarose, 1 \igl ml ethidium bromide 
in IX TAE buffer 
Arabidopsis fertilizer (lOX) 50mM KNO3, 25mM IM KPO4 (pH 5.5), 
20mM MgS04, 20mM Ca(N03)2，0.5mM 
FeNaEDTA and 1% micronutrients. Fill 
up to 1 litre with H2O 
Arabidopsis micronutrients 70mM boric acid, 14mM MnCb, 5mM 
CUSO4, 0.2mM NaMo04, lOmM NaCl, 
and 0.0ImM CuCh. Fill up to 500ml with 
^ 
B5 vitamine (lOOOX) lOOOmg myo-inositol, lOOmg 
thiamine-HCl, lOmg nicotine acid, lOmg 
pyridoxine-HCl. Fill up to 10ml with H2O 
Bacterial cell lysis solution 20mM Tris-HCl, IQQmM NaCl, 8M urea 
Blocking buffer Dilute blocking reagent stock solution 
1:10 with maleic acid buffer 
Blocking reagent stock solution (10%) Add lOg blocking reagent to 100ml 
maleic acid buffer with several 30s heat 
pulses in the microwave 
Bromophenol blue loading dye (6X) 0.25% bromophenol blue in 30% glycerol 
Calcium chloride solution 60mM CaCli, 15% glycerol and 1 OmM 
PIPES, pH 7.0, sterilized by autoclave 
Cold washing solution 2x SSC, 0.1% SDS 
CTAB extraction buffer O.IM Tris-HCl (pH8), 1.4MNaCl, O.IM 
EDTA (pH8), 2% (w/v) CTAB, 1% (w/v) 
Polyvenylpyrolidone and 0.2% (3-
mercaptoethanol 
CTAB washing b u f f e r ‘ 76% EtOH with 0.0IM NH40ac 
DEPC-treated H2O Dissolve DEPC to 1% in ultrapure H2O 
and keep overnight 
Autoclave to remove residual DEPC. 
Detection buffer lOOmM Tris-HCl, pH 9.5 and lOOmM 
^ a 
Hot washing solution 0.5x SSC, 0.1% SDS 
Infiltration medium 2.2g MS salts, Ix B5 vitamins, 50g 
sucrose, 0.5g MES and 2Q0|il SilwetiM 
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L-77, 0.044|LIM benzylaminopurine. 
Adjust pH to 5.7 with KOH and fill up to 
1 litre solution. Autoclave. 
LB broth 25g/ L LB powder, autoclave 
LB agar plate 25g/ L LB powder and 15g/ L bacto-agar， 
autoclave 
Maleic acid buffer O.IM maleic acid, 0.15M NaCl, pH 7.5. 
Adjust pH with concentrated NaOH; 
autoclave. 
MOPS (lOX) 200mM MOPS, 50mM sodium acetate, 
lOmM EDTA, pH 7.0. Make up in sterile 
H2O. After autoclaving, the solution will 
turn yellow 
MS plate for Arabidopsis thaliana 4.3g/ L Murashige & Shoog salt mixture 
(GibcoBRL), 3% sucrose, 0.05% MES, 
pH 5.7, 0.9% bacto-agar 
MS plate for BY-2 cells 4.3g/L Murashige & Skoog Basal salt 
mixture (Sigma), 3% sucrose, 1.8mM 
KH2PO4,3% gelrite gellan gum, pH 5.8 
MS for BY-2 cells (suspension culture) 4.3g/L Murashige & Skoog Basal salt 
mixture (Sigma), 3% sucrose, 1.8mM 
KH2P04,pH5.Q 
Neutralization solution Q.5M Tris-HCl, 0.5M Tris-HCl, pH 7.5 
N-lauroylsarcosine 10% (w/v) in sterile H2O filtered through 
a Q.2|im membrane 
Phosphate buffer saline (PBS) (lOX) 0.58M NasHPO*，0.17M NaH2P04, 
Q,68M NaCl, pH7.2 
Phosphate buffer saline (PBS) (IX) Dilute lOX PBS ten fold with milli-Q 
H2O, pH7.2 
RNA extraction buffer 200mM Tris base, 400mM KCl, 200mM 
Sucrose, 35mM MgCl2-6H20, 25mM 
EGTA, pH 9 
RNA loading buffer 250|^ 1 formamide, 83|li1 formaldehyde 
37% (w/v), 50|LI1 lOx MOPS buffer, 
0.01% (w/v) bromophenol blue, SOjLil 
glycerol. Fill up to 500|il with 
DEPC-treated H2O. 
SDS 10% (w/v) in sterile H2O filtered through 
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a 0.2|Lim membrane 
SOC 2% bacto-tryptone, 0.5% bacto-yeast 
extract, 1 OmM NaCl, 2.5mM KCl, 1 OmM 
MgCl2, lOmM MgS04, 20mM glucose 
Sodium acetate 3M NaOAc, pH 5.2 
3M NaOAc, pH 5.6 
Sodium phosphate IM NaH2P04, IM Na2HPQ4, pH7 
SSC (20X) 3M NaCl, 3QQmM sodium citrate, pH 7.0 
TAE buffer (IX) 4.84g/ L Tris base, 0.1142% acetic acid, 
0.744g/ L EDTA disodium salt 
Tris-acetate (IX) 0.04M Tris acetate and 0.00IM EDTA 
YEP meidum 1 Og tryptone, 1 Og yeast extract and 5g 
NaCl. Fill up with 1 litre with H2O 
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